ABSTRACT Background: High maternal dietary intakes in pregnancy may lead to increased fetal growth and program neuroendocrine pathways that result in greater appetite, energy intake, and adiposity in offspring later in life. Few prospective dietary studies have explored this relation. Objective: The objective was to assess associations of maternal dietary intake in pregnancy and maternal and paternal dietary intake postnatally with child dietary intake and adiposity. Design: Dietary intakes of energy, protein, total fat, and carbohydrate were assessed prospectively in mothers during pregnancy, in mothers and their partners at 47 mo postnatally, and in children at 10 y (n = 5717 mother-child pairs prenatally, 5593 mother-child pairs postnatally, and 3009 father-child pairs). Child body composition was assessed at 9 and 11 y (n = 5725). Results: Maternal dietary intakes of protein, fat (when adjusted for energy intake), and carbohydrate in pregnancy were positively associated with child dietary intakes of the same nutrients, and these associations were greater than those observed for paternal dietary intake, which was not strongly associated with offspring diet. Associations of maternal prenatal-offspring intakes were stronger than those of maternal postnatal-offspring intakes for protein and fat. Greater child energy and macronutrient intakes were only associated with greater adiposity in children when adjusted for potential energy underreporting. Maternal diet during pregnancy was not associated with offspring adiposity or lean mass. Conclusion: The stronger prenatal maternal associations with child dietary intake, particularly protein and fat, compared with both paternal intake associations and maternal postnatal intake associations provide some evidence for in utero programming of offspring appetite by maternal intake during pregnancy.
INTRODUCTION
Maternal plasma glucose concentrations during pregnancy are a key determinant of fetal growth (1) , and there is evidence that maternal glucose concentrations affect offspring size and adiposity throughout life (2) (3) (4) (5) (6) (7) (8) (9) (10) . The "hyperglycemia-hyperinsulinism" mechanism has been recognized as important since first proposed in the 1950s (2, 3) . It suggests that increased fetal secretion of insulin in response to greater transfer of glucose across the placenta stimulates greater somatic fetal growth and higher levels of subcutaneous fat. In addition, mechanisms acting via cognitive and neuroendocrine development and subsequent offspring appetite and diet might be important (4) (5) (6) (7) . Although this has been explored in animals and in relation to gestational diabetes in humans (8) (9) (10) , to our knowledge no previous study in humans has examined whether differences in maternal dietary intake in pregnancy are related to offspring dietary intake and adiposity in later life. Maternal macronutrient (carbohydrate, fat, and protein) and energy intakes potentially influence fetal growth and program future appetite. Glucose, amino acids, and free fatty acids are all transported across the placenta (11) , and maternal glucose concentrations are influenced by total energy intake and proportions of carbohydrate, fat, and protein (12, 13) .
The aim of this study was to build on existing evidence concerning maternal diet and glucose concentrations during pregnancy and the effect of these on fetal growth and subsequent offspring appetite and adiposity. The focus on maternal diet in pregnancy is important because this is potentially modifiable. In particular, we sought to explore the association of maternal macronutrients and energy during pregnancy with offspring macronutrient and energy intakes and to examine whether any associations of maternal dietary intakes with offspring dietary intakes have a subsequent effect on offspring fat mass. Associations of maternal macronutrient and energy intake with offspring intake may occur as a result of shared familial dietary patterns or genetic predisposition to certain tastes, rather than via intrauterine mechanisms. To examine the extent to which this might be the case, we compared maternal-offspring associations with paternal-offspring associations, assuming that a similar effect of maternal and paternal dietary intake on offspring dietary intake would imply shared familial, rather than intrauterine, mechanisms (14) . This method was implemented previously in the Avon Longitudinal Study of Parents and Children (ALSPAC) (15) (16) (17) and was validated by the discordant associations of maternal and paternal smoking with offspring birth weight (14) , reflecting the known intrauterine effects of maternal prenatal smoking on birth weight. We also compared associations for maternal prenatal intake-offspring intakes with associations for maternal postnatal intake-offspring intakes. If maternal nutrient intake in pregnancy has intrauterine effects on offspring appetite, we would expect stronger maternal prenatal intake-offspring intake associations than postnatal associations.
SUBJECTS AND METHODS

Study participants
ALSPAC is a geographically based prospective cohort study investigating the health and development of children (18) . Pregnant women residing in 3 health districts in the southwest England with an expected date of delivery between 1 April 1991 and 31 December 1992 were eligible; 14,541 pregnant women were recruited and 13,678 had a live-born, singleton child. In the present study we excluded parents and children of multiple births.
Of the singleton children with dietary data, there were 5717 maternal-child pairs, 3009 paternal-child pairs, and 2968 parentaloffspring trios available for the main analyses. All children were invited to attend clinics at 9 and 11 y of age, during which time body-composition measurements (fat, lean, and bone mass) were taken. A total of 7585 singleton children had body-composition measurements at either 9 or 11 y, and, of these children, 6589 had dietary data and 5725 also had maternal prenatal dietary data and fat mass; 5244 children had data on dietary intake, body composition, and maternal postnatal diet. Ethical approval of the study was obtained from the ALSPAC Law and Ethics Committee and 3 Local Research Ethics Committees.
Maternal, paternal, and offspring dietary intake
Mothers completed a food-frequency questionnaire (FFQ) at 32 wk of gestation, at which time they indicated how often they were currently consuming each of the 43 food groups. Together with nutrient information on standard sized portions, intakes for a range of nutrients, including energy, protein, fat, and carbohydrate, were derived. A detailed description of the methods is available elsewhere (19) . Mothers and partners also completed a similar FFQ 47 mo postnatally.
At 10 y, offspring diet was assessed by using three 1-d unweighed dietary diaries in which children and caregivers recorded everything the child ate and drank in household measures for 2 weekdays and 1 weekend day. Completed diaries were brought to the clinic, and nutrition fieldworkers checked through the diaries to increase completeness and remove uncertainties. Diet diaries were transformed into food codes, with associated weights in grams for each item of food and drink recorded, by the same fieldworker using the DIDO program [Diet in, Data out; see Glynn et al (20) for details]. Food codes and nutrient content were derived from McCance and Widdowson's food tables and supplements (21) (22) (23) (24) (25) (26) (27) (28) . DIDO was used in conjunction with BRIGADE, a nutrient analysis program, to generate the nutrient content of each food the child ate. These data were used to generate average daily nutrient intakes and the amount of various food groups consumed.
Likely underreporting of energy intake in mothers/partners was calculated as reported daily energy intakes of ,120% of their estimated basal metabolic rate (BMR) (29) . Maternal/ partner BMRs were estimated by using Schofield's equations for adult men and women described in the UK Department of Health Report on Social Sciences (30) , which are based on age and body mass index (BMI; in kg/m 2 ). In mothers, prepregnancy BMI was used to estimate prenatal and postnatal BMR because pre-/postnatal BMIs at these time points were not assessed or unavailable. On the basis of this method, 2474 (43.3%) mothers for prenatal diet, 1722 (33.3%) mothers for postnatal diet, and 22 (0.7%) fathers were classified as underreporters. The low underreporting in men likely reflects differences in portion sizes chosen to estimate the FFQ in men and women in ALSPAC, with the fixed portion size used in men being 20% larger than that used in women. This was chosen based on evidence from the British National Diet and Nutrition Survey. The use of fixed portion sizes is conventional with FFQ data, where no information on portion size is collected. In children, underreporting was defined as a ratio of reported energy intake to predicted energy requirements of ,78% (31, 32). Predicted energy requirement was calculated from body weight after sex, age, and energy requirements for growth had been taken into account (32) . Underreporting was identified for 1866 (32.6%) children.
Child fat and lean mass measures
At the 9-and 11-y time points, fat and lean mass were assessed in children at the research clinics by using a Lunar Prodigy dualenergy X-ray absorptiometry (DXA; GE Medical Systems Lunar, Madison, WI) fan beam scanner (33) . Briefly, DXA measures body bone, fat, and lean tissue by passing 2 different beams of Xray energy of known intensity through the body and by measuring attenuation of the beam detector. Whole-body scans were carried out with children wearing light clothing, with metal objects such as bracelets and watches removed. CVs (in 122 children with same-day repeat DXA measures at 9 y) were 2.27% and 1.12% for total fat mass and lean mass, respectively.
Confounders
Maternal and paternal smoking habits were collected from questionnaires sent at 18 wk gestation to mothers and their partners. Mothers indicated the number of cigarettes smoked per day in the first 3 mo of pregnancy and also in the past 2 wk. These responses were combined to create a variable for any maternal smoking during pregnancy. Mothers also indicated whether their partner smoked. Partners were asked in their own questionnaire whether they smoked regularly at any time in the past 9 mo. Responses from mothers and partners were combined to create a variable for partner smoking. Details of all previous pregnancies resulting in either a live birth or a stillbirth, which enabled parity to be derived, were also gathered from the questionnaire sent at 18 wk of gestation. In a questionnaire sent at 32 wk, mothers recorded their own and their partner's highest education level [none, Certificate of Secondary Education (CSE), national school exams at 16 y), vocational, O level (national school exams at 16 y, higher than CSE), A level (national school exams at 18 y), or university degree]. Mothers also recorded their occupation and their partner's occupation, which were used to allocate them to social categories [I (professional) to V (unskilled manual worker)] according to the 1991 Office and Populations Censuses and Surveys standard (34) . A single variable was derived from the highest social class of either parent. Maternal/paternal heights were self-reported from questionnaires sent at 12 wk of gestation to mothers and their partners. Child height at 10 y (for analyses with child diet only) and height at 9 or 11 y (for analyses with child fat and lean mass at 9 or 11 y) were measured to the nearest millimeter by using a Harpenden stadiometer.
Statistical analysis
Nutrients were examined as continuous variables in their original units (eg, g or kJ) and as z scores (SD scores). Data for child fat mass and lean mass at 9 and 11 y were combined to create a variable for fat/lean mass at 9 or 11 y. These fat and lean mass variables were log transformed and converted to an age (in 1-mo categories) and sex standardized z scores for each of the separate clinic visits (9 or 11). The z scores from the 9-and 11-y visits were highly correlated (0.9 for both fat and lean mass), and the final combined outcome measure was the 9-y z score plus, for those who only attended at 11 y, the 11-y z score, as previously published (17) . Associations of potential confounders with child diet, fat and lean mass, maternal prenatal diet, and paternal diet were carried out by using linear regression. Associations between 1) maternal prenatal and postnatal diet and offspring diet, 2) paternal diet and offspring diet, 3) child diet and current fat and lean mass, and 4) maternal prenatal and postnatal diet and offspring fat mass were analyzed by using multiple linear regression adjusted for covariables. Mutually adjusted regressions of protein, total fat, and carbohydrate included together in the same model were explored for maternal and paternal associations. Sex-specific associations and mutually adjusted associations for maternal prenatal and postnatal diets were also explored. Macronutrients were adjusted for energy (35) , and, for main analyses, we adjusted for dietary underreporting in mothers, fathers, and children (results without these adjustments presented as supplementary data). Sensitivity analyses relating to nonpaternity of partners were performed in STATA by using the Clemons command (36, 37). All analyses were performed by using STATA 10 (Stata Corp, College Station, TX).
RESULTS
Sample characteristics are presented in Table 1 . Correlations between parental macronutrient and energy intakes are presented in Table 2 . Associations of potential confounders with nutrient intakes in mothers (prenatal), fathers and offspring, and offspring fat and lean mass are presented as supplementary data (see Tables S1-S4 under "Supplemental data" in the online issue). Maternal prenatal and paternal protein intakes were positively associated with indicators of higher socioeconomic position. Maternal and paternal fat intakes were inversely associated with indicators of socioeconomic position. Parental energy and carbohydrate intakes showed inconsistent associations. Child energy intake was not associated with indicators of socioeconomic position; however, child protein and carbohydrate intakes were positively associated with indicators of higher socioeconomic position, whereas fat intake showed inverse associations. Child fat mass was inversely associated with indicators of greater socioeconomic position, with lean mass only associated with maternal and paternal smoking.
With adjustment for parental and child underreporting, maternal prenatal and postnatal macronutrient intakes (protein, fat, and carbohydrate) were positively associated with intakes of the same nutrients in offspring. Paternal macronutrient intakes were not associated with these outcomes ( Table 3 ). There was strong statistical evidence of maternal compared with paternal differences in protein and fat associations with offspring intake (P for heterogeneity between these estimates ,0.001 and 0.02, respectively), but only weak evidence for parental differences for carbohydrate intake (P = 0.1). Neither maternal nor paternal energy intake was strongly associated with child energy intake. Maternal postnatal macronutrient associations with offspring intake were broadly similar to those seen for prenatal intake, but with associations for protein and fat intakes being stronger for prenatal than for postnatal intake (Table 3) . However, there was no strong evidence of statistical differences between maternal prenatal and postnatal associations (P = 0.2 and 0.3 for protein and fat, respectively). Results were similar in mutually adjusted models with maternal prenatal and postnatal intakes included in the same model, for each nutrient (results available from authors on request).
Between-father variation in energy and macronutrient intakes was much larger than the between-mother prenatal variation in intake (paternal SDs were 1.5-2 times those of maternal SDs). Therefore, scaling in terms of z scores results in comparing associations per 1 unit in mothers and per 1.5-2 units in fathers (where units represent kJ/g intake). Thus, we felt that using the original units was a more equal comparison and focused on these absolute dietary measures in this study.
Associations of parental and offspring macronutrient and energy intakes, stratified by offspring sex, are presented in Table  4 . In both male and female offspring, maternal prenatal protein associations were stronger than paternal protein associations.
Sensitivity analyses were carried out to assess potential effects of various possible rates of nonpaternity on the results (see Table  S6 under "Supplemental data" in the online issue). Even in analyses adjusted for a hypothetical nonpaternity rate as high as 20%, there would still be evidence of a stronger association of maternal prenatal protein intake in pregnancy with offspring intake, compared with paternal protein intake, although evidence is less robust for fat and carbohydrate intakes.
After underreporting and energy intake (macronutrients only) were adjusted for, higher child energy intake (and to a lesser extent protein intake) was associated with higher fat mass ( Table  5 ). In mutually adjusted models (protein, fat, and carbohydrate adjusted for each other), the strongest predictor of child fat mass was fat intake and that for lean mass was carbohydrate intake. Neither maternal prenatal nor paternal macronutrient and energy intake was strongly associated with offspring fat or lean mass ( Table 6) . Although there was some evidence of associations with offspring fat mass, effect sizes were negligible. Maternal postnatal macronutrient and energy intakes were also not strongly associated with offspring fat and lean mass.
Main associations without adjustment for underreporting are provided as supplementary data (see Tables S6-S8 under "Supplemental data" in the online issue). Associations of parentoffspring carbohydrate intake were much stronger in unadjusted analyses, and maternal energy showed a strong association with offspring energy intake. Additionally, child energy and fat intakes were inversely associated with both fat and lean mass (both mutually adjusted model). The remaining associations were similar.
DISCUSSION
Greater maternal prenatal macronutrient intakes (protein, fat, and carbohydrate) were associated with greater child intakes 3 Social categories ranging from I (professional) to V (unskilled manual worker). 4 O level (national school exams at 16 y, higher than CSE) and A level (national school exams at 18 y).
at 10 y of the same nutrients. Associations between maternaloffspring macronutrient intakes were stronger than for paternal-offspring macronutrient associations, and maternal prenatal-offspring associations for protein and fat intake were stronger than maternal postnatal-offspring associations. After dietary underreporting was adjusted for, child energy intake was positively associated with child fat mass, and, when macronutrients were adjusted for each other, protein, fat, and carbohydrate were all associated with fat mass; the strongest predictor was fat intake. Maternal prenatal or postnatal macronutrient and energy intakes were not strongly associated with offspring fat or lean mass. If equal associations had been observed for maternal prenataloffspring nutrient intakes compared with paternal-offspring nutrient intakes, it would have suggested that common familial components, such as shared diet, were the main drives of the associations (14) . This is because fathers could not influence offspring diet via intrauterine mechanisms and it would be unlikely for different parental mechanisms (intrauterine mechanisms in mothers and completely different mechanisms in fathers) to produce identical results. Because stronger maternal associations were observed for prenatal macronutrient intake, it is possible that this reflected an intrauterine effect of fetal overnutrition on child appetite. However, it also possible that mothers and their dietary habits have more influence on a child's diet than do fathers and their dietary habits. We aimed to separate potential intrauterine effects from postnatal effects by comparing the magnitude of maternal prenatal and maternal postnatal associations with offspring macronutrient intakes. For protein and fat intake, maternal prenatal associations were stronger than postnatal associations with offspring intake. If associations do indeed reflect intrauterine effects, potential mechanisms may involve effects of high prenatal carbohydrate, protein, and fat intakes on greater maternal glucose concentrations in pregnancy, which may program offspring appetite. Animal studies report that both fetal exposure to high glucose concentrations during development (6) and increased maternal diet in pregnancy (7) result in altered development of appetite regulatory systems in offspring. This has only been explored in animals and, to our knowledge, this is the first study in humans to examine differences in maternal pre-and postnatal dietary intakes and their relation with offspring adiposity and diet in later life.
Previous studies have reported relations between child diet and parental diet (38, 39) ; however, most looked cross-sectionally at parental diet at the time of child dietary assessment and very few studies have data on paternal diet. Thus, the present study is unique because it 1) assessed maternal nutrient intake specifically during pregnancy (as well as postnatally and paternal intake at a similar time), 2) prospectively assessed parental and offspring nutrient intakes, and 3) separately measured maternal prenatal, maternal postnatal, and paternal nutrient intakes for comparisons. This article suggests that, in addition to targeting dietary habits in childhood (of both parents and child), as recommended from previous studies (39, 40) , interventions targeting maternal dietary habits in pregnancy or preconceptually might be considered to establish good dietary habits in both parents and offspring as early as possible. Prenatal diet was measured at only one time point during pregnancy, 32 wk of gestation; therefore, we do not know whether the results are different for early pregnancy. Because diet in early and late pregnancy is strongly and positively correlated (41), we would not expect the results to be markedly different. This requires confirmation in future studies; however, we are not aware of any cohorts of similar size with prospectively assessed dietary data, both at multiple points during pregnancy and in offspring during childhood, together with early postnatal and paternal diet data, as presented here.
Limitations of the unquantified FFQs, used here to assess maternal and partner diets, were discussed in detail previously (19) . These include assuming fixed portion sizes and assuming a representative selection of a heterogeneous food group (eg, meat or shellfish) is being eaten. Thus, FFQs generally have limited accuracy in quantifying energy intake and absolute intakes of macronutrients; however, they are suitable for ranking individuals based on dietary intake (42) , and FFQs are the most feasible method for a survey of this size. It is possible, however, that the use of fixed portion sizes may have affected the results if the chosen difference between males and females was incorrect.
In both sexes, error from fixed portion would be expected to be nondifferential with respect to a child's diet at 10 y; therefore, this would be expected to attenuate any true association. If the error for men is greater than that for women, it may explain, in part, the difference in associations between maternal and paternal nutrient intakes. Limitations of diet diaries, which were used in the present study to assess the children's' diet, have also been discussed previously (20) . These limitations include inaccuracies in estimated portion sizes and underreporting of intake. However, nutrient intakes in this cohort were comparable with those of children in the British National Diet and Nutrition Survey based on 7-d weighed dietary records (43) .
Dietary assessments relying on participant reporting tend to result in underreporting, particularly among heavier individuals. Our findings suggest that 43.3%, 33.3%, 0.7%, and 32.6% of the mothers prenatally, mothers postnatally, fathers, and offspring, respectively, underreported their total energy intake. When underreporting was taken into account, it had an important effect on the main results. As stated in Subjects and Methods, prepregnancy BMI was used to estimate prenatal and postnatal BMR (and thus, energy underreporting) because BMIs at these time points were unavailable. However, because BMR was estimated by using the Schofield equation for adult women, we believe this was a reasonable approach. Whereas some misclassification in energy underreporting may have occurred because of the use of prepregnancy BMI, because maternal prenatal and postnatal size are generally strongly and positively correlated, the effect of this misclassification will be the same at both time points and should not explain differences in associations for prenatal and postnatal nutrient intakes. Finally, although we wanted to compare maternal nutrient intakes in pregnancy with paternal intakes at the same time point, we only had data for partners' dietary intakes at 47 mo. Our assumption was that this was a reasonable approximation of father's dietary intake at the time of pregnancy. In fact, if having a child results in all family members eating more commonly together, father's diet may be more assimilated to the mothers by 47 mo than during pregnancy. Indeed, correlations between maternal and paternal nutrient intakes were higher for maternal postnatal diet than for maternal prenatal diet. As such, the association of mother's macronutrient intake in pregnancy with offspring macronutrient intake (if acting via intrauterine mechanisms) may be even stronger than that of father's macronutrient intake with offspring's intake than our results suggest.
In this contemporary British population, there was evidence that maternal macronutrient intake during pregnancy has a stronger influence on child macronutrient intake than does maternal intake postnatally or paternal macronutrient intake. This could reflect in utero programming of offspring appetite by maternal diet during pregnancy. Encouraging pregnant women to engage in healthy dietary behaviors may be of benefit to the development of the fetus and to later dietary habits of their children.
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